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ABSTRACT 

X-ray p o l a r i z a t i o n  experiments  should be conducted on 
unmanned s a t e l l i t e s  i n  t h e  near f u t u r e  t o  determine t h e  need 
f o r  more s o p h i s t i c a t e d  systems on advanced manned ATM miss ions .  
Unmanned experiments could be performed simply wi th  l i t t l e  more 
expense than  convent iona l  x-ray astronomy sky survey expe r i -  
ments. 
sou rces  and i n d i c a t e  which sources  should be s t u d i e d  i n  d e t a i l  
l a t e r  by a more e l a b o r a t e  manned system. 
t i o n  w i l l  be u s e f u l  i n  determining t h e  n a t u r e  of s t e l l a r  x-ray 
emission mechanisms. 
mechanism f o r  producing po la r i zed  x-rays.  

They would provide  d a t a  on t h e  e x i s t e n c e  of p o l a r i z e d  

P o l a r i z a t i o n  informa- 

Synchrotron emission i s  t h e  m o s t  l i k e l y  



. 

&S 03100 BELLCOMM, I N C .  
955 L'ENFANT PLAZA NORTH, S.W. 

SUBJECT: P o l a r i z a t i o n  Measurements on DATE: March 2 8 ,  1 9 6 9  

WASHINGTON, D.C. 20024 

Stel lar  X-ray Sources - C a s e  630 
FROM: F. F. Tomblin 

MEMORANDUM FOR FILE 

I. INTRODUCTION 

Considerable  t h e o r e t i c a l  e f f o r t  has been made t o  
es tabl ish t h e  presence  of p o l a r i z e d  s te l la r  x-ray sources ,  y e t  
no conc lus ive  experiments have been performed t o  e s t ab l i sh  t h e  
e x i s t e n c e  of such sources .  
s i m i l a r  t o  t h e  one described here f o r  f l i g h t  on an advanced 
ATM mission.  (') H e  i s  a lso conducting ba l loon  f l i g h t s .  No 
r e s u l t s  are a v a i l a b l e  as y e t .  

Novick has  proposed a po la r ime te r  

This  n o t e  o u t l i n e s  t h e  d i f f i c u l t i e s  involved i n  such 
a measurement and proposes how experiments could be performed 
i n  both  t h e  manned and unmanned space programs. F i r s t ,  i t  i s  
worthwhile t o  summarize b r i e f l y  t h e  emission p rocesses  which 
may be r e s p o n s i b l e  p o l a r i z a t i o n  of x-ray sources .  

Any mechanism w h i c h  accelerates e l e c t r o n s  w i l l  
g e n e r a t e  photons. Two such e f f e c t s  are l i k e l y  methods of 
g e n e r a t i n g  p o l a r i z e d  r a d i a t i o n  i n  s t e l l a r  sources .  One i s  
synchro t ron  r a d i a t i o n  which is  e m i t t e d  by an e l e c t r o n  moving 
i n  a magnetic f i e l d .  The o ther  i s  bremsstrahlung r a d i a t e d  
f r o m  c o l l i s i o n s  of thermal  e l e c t r o n s  i n  a h o t  plasma. 

The i n v e r s e  Compton e f f e c t  i s  ano the r  p o s s i b l e  source  
of h igh  energy photons i n  d i f f u s e  gases .  I t  i s  t h e  r e s u l t  of 
o p t i c a l  photons s c a t t e r i n g  w i t h  h igh  energy e l e c t r o n s .  The 
e l e c t r o n s  impart  energy t o  t h e  photon by a p rocess  which i s  t h e  
i n v e r s e  of normal Compton s c a t t e r i n g .  

These three e f f e c t s  u n d e r l i e  t h e  basic theories of 
x-ray product ion  f r o m  va r ious  types  of s t e l l a r  sources .  O f  
t h e  three,  only synchro t ron  r a d i a t i o n  may produce h igh ly  
p o l a r i z e d  x-rays.  
t i a l l y  p o l a r i z e d  x-rays f r o m  e l e c t r o n s  moving i n  p r i m a r i l y  
one d i r e c t i o n .  P a r t i a l  p o l a r i z a t i o n  may also appear from 
synchro t ron  emission where t h e  magnetic f i e l d  shows l a r g e  

Bremsstrahlung may be r e s p o n s i b l e  f o r  par-  

scale i r r e g u l a r i t i e s .  (2) 
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Optical photons are sometimes p o l a r i z e d  by s c a t t e r i n g  
from clouds of a l i g n e d  g r a i n s .  If such photons w e r e  t ransformed 
t o  x-ray ene rg ie s  by i n v e r s e  Compton s c a t t e r i n g  from e n e r g e t i c  
e l e c t r o n s ,  t h e  x-rays would a l s o  be p o l a r i z e d .  However, esti- 
mates i n d i c a t e  t h a t  t h i s  e f f e c t  would n o t  produce p o l a r i z a t i o n  
i n  excess  of 0 .05%.  ( 2 )  

The emission mechanism of many x-ray sources  remains 
u n c e r t a i n .  Addi t iona l  in format ion  which could be ob ta ined  from 
p o l a r i z a t i o n  measurements would be q u i t e  b e n e f i c i a l .  
sou rces  such as t h e  Crab Nebu la ,  C a s A ,  and M87, where synchro- 
t r o n  r a d i a t i o n  i s  t h e  m o s t  probable  source  of r a d i a t i o n ,  t h e  
degree  of p o l a r i z a t i o n  would g i v e  some informat ion  on the  
n a t u r e  of magnetic f i e l d s  c r e a t i n g  t h e  synchro t ron  r a d i a t i o n .  

F o r  

11. EXPERIMENTAL D E S I G N  

Tne Compton e f f e c t  may be used t o  determine the  
p o l a r i z a t i o n  of an x-ray by looking  a t  t h e  scattered beam a t  
90° f r o m  t h e  i n c i d e n t  d i r e c t i o n .  

The d i f f e r e n t i a l  Compton s c a t t e r i n g  cross s e c t i o n  
may be w r i t t e n  as 

2 
= ($1 cos 2 8 f o r  E<<0 .5MeV a t  90' from t h e  i n c i d e n t  beam, ( 3 )  

where 8 i s  t h e  ang le  be tween  t h e  i n c i d e n t  photon e lectr ic  v e c t o r  
and t h e  scattered photon e l e c t r i c  v e c t o r  as shown i n  F igure  1, 
and - i s  t h e  cross s e c t i o n  p e r  u n i t  s o l i d  angle .  I f  t h e  i n c i -  
d e n t  r a d i a t i o n  i s  t o t a l l y  p lane  p o l a r i z e d  then  t h e r e  should be 
no s c a t t e r i n g  of photons w i t h  e lec t r ic  v e c t o r s  a t  @ = g o 0 ,  and 
maximum s c a t t e r i n g  a t  8=Oo. 

da 
dSl 

Such a Compton po la r ime te r  has  been used  t o  determine 
the  p o l a r i z a t i o n  of gamma r a d i a t i o n  i n  connect ion wi th  angular  
c o r r e l a t i o n  experiments .  (4) 
l i m i t e d  t o  t h e  reg ion  of t h e  x-ray spectrum where  t h e  Compton 
e f fec t  is  dominant over  o t h e r  processes  such as t h e  p h o t o e l e c t r i c  
effect  and p a i r  p roduct ion .  S ince  m o s t  x-ray astronomy exper i -  
ments are conducted a t  ene rg ie s  below 50 K e V ,  one must des ign  
experiments  t o  minimize p h o t o e l e c t r i c  abso rp t ion  a t  l o w  e n e r g i e s .  

T h e  u s e  of t h i s  technique  i s  

The lower l i m i t  may be reduced by j u d i c i o u s  s e l e c t i o n  
o f  the  s c a t t e r i n g  material .  For example, i n  aluminum t h e  photo- 
e lec t r ic  effect  and Compton e f fec t  have i d e n t i c a l  cross s e c t i o n s  
a t  50 K e V .  B e l o w  t h i s  po in t  t h e  p h o t o e l e c t r i c  abso rp t ion  domi- 
n a t e s .  T o  lower t h i s  c rossover  p o i n t  a lower Z material  must 
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be used. F igu re  2 shows t h e  mean f r e e  p a t h  for  Compton scat- 
t e r i n g  and p h o t o e l e c t r i c  e f f e c t  f o r  va r ious  materials as a 
func t ion  of energy. I t  i s  clear t h a t  t h e r e  i s  an  advantage 
i n  us ing  materials wi th  t h e  smallest  atomic number p o s s i b l e .  
For example, c rossover  p o i n t s  are 11 K e V  and 3 . 3  K e V  f o r  
Lithium Hydride and Liquid Hydrogen, r e s p e c t i v e l y .  

The optimum geometry i s  such t h a t  t h e  p a t h  l e n g t h  of 
t h e  photon b e f o r e  s c a t t e r i n g  must be of t h e  o r d e r  of a Compton 
mean f r e e  pa th .  The s c a t t e r e d  photons a t  90' t o  t h e  i n c i d e n t  
d i r e c t i o n  should then t r a v e l  through t h e  l eas t  amount of material  
t o  a d e t e c t o r .  This conf igu ra t ion  i s  shown i n  F igu re  3 .  

The e f f i c i e n c y  of such a p o l a r i z a t i o n  d e t e c t o r  i s  
r e s t r i c t e d  because only a small  f r a c t i o n  of t h e  i n c i d e n t  r a d i a -  
t i o n  i s  d e t e c t e d .  For example, assume t h a t  one has  an i n c i d e n t  
b e a m  of p l ane  p o l a r i z e d  x-rays. For 3 . 3  K e V  photons i n c i d e n t  
on a l i q u i d  hydrogen scatterer,  only  5 0 %  of t h e  x-rays w i l l  be  
Compton s c a t t e r e d ,  and t h e  remainder w i l l  be absorbed by t h e  
p h o t o e l e c t r i c  e f f e c t .  Of those  which are Compton s c a t t e r e d  
approximately 30% s u f f e r  photo abso rp t ion  or  a second Compton 
s c a t t e r i n g .  ( T h i s  depends on t h e  th i ckness  of  t h e  s c a t t e r i n g  
c y l i n d e r . )  However, only about 6% of t h e  t o t a l  s c a t t e r e d  
x - r a d i a t i o n  is e j e c t e d  a t  90°t100 and passes  through t h e  c o l l i -  
mation i n  f r o n t  of t h e  d e t e c t o r s .  Thus only about 2 %  of t h e  
i n i t i a l  r a d i a t i o n  reaches the  d e t e c t o r .  T h i s  f r a c t i o n  must 
be  d iv ided  among a t  l e a s t  8 d i f f e r e n t  d e t e c t o r  groups (see 
F igure  3 )  t o  determine t h e  p o l a r i z a t i o n .  I n  p r a c t i c e  t h e  
d e t e c t o r  would be c a l i b r a t e d  w i t h  an unpolar ized  source  t o  
correct f o r  any i r r e g u l a r i t y  o r  d i f f e r e n c e s  i n  d e t e c t o r  
e f f i c i e n c y .  

111. A COLLIMATED POLARIMETER 

If t h e  po la r ime te r  i s  co l l imated  and used as a 
" t e l e s c o p e " ,  t h e  e f f e c t i v e  a r e a  of t h e  po la r ime te r  i s  

where 'T i s  t h e  t o t a l  mean f r e e  pa th  f o r  s c a t t e r i n g  and absorp- 
t i o n  of t h e  s c a t t e r e d  photon, and r is  t h e  r a d i u s  of t h e  scat- 

2 i n c r e a s e s  only as r ,  n o t  a s  r . Thus, s e v e r a l  po la r ime te r s  
w i t h  r a d i i  about  equa l  t o  AT would y i e l d  more counts  p e r  u n i t  
a r e a  of scat terer  than  one l a r g e  po la r ime te r .  

t e r i n g  c y l i n d e r .  I t  i s  c l e a r  t h a t  f o r  r>>  A T t h e  e f f e c t i v e  area 
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are : 

1. 

2 .  

3 .  

4 .  

The advantages of a c o l l i m a t e d ,  s o l i d  p o l a r i m e t e r  

l i g h t  weight ,  and simple o p e r a t i o n ;  

no upper l i m i t  on t h e  x-ray energy which 
can be s t u d i e d ,  except  t h a t  imposed by t h e  
gas f i l l e d  d e t e c t o r  ( t y p i c a l l y  about  40  K e V ) ;  

no need f o r  l a r g e  s t r u c t u r e s  ( t e l e s c o p e  and 
housing) which may create secondary x-rays;  
and 

does n o t  r e q u i r e  complex systems such as a 
g raz ing  inc idence  t e l e scope  and cryogenic  
detector. 

I V .  IIIJTEG'RATION WITH A GRAZING I N C I D E N C E  X-RAY T E L E S C O P E  

P o l a r i z a t i o n  measurements u s ing  a g raz ing  inc idence  
x-ray t e l e s c o p e  t o  provide high r e s o l u t i o n  are l i k e l y  t o  become 
p a r t i c u l a r l y  a t t r a c t i v e .  The d e t e c t i o n  techniques  desc r ibed  i n  
t h e  previous  s e c t i o n  s t i l l  apply.  However, t h e  c u r r e n t  American 
Sc ience  and Engineering p l a n  f o r  a doub le - r e f l ec t ing  x-ray tele- 
scope has  a cut-off  f o r  x-rays above 6 KeV. Only a l i q u i d -  
hydrogen po la r ime te r  may be u s e d ,  s i n c e  t h e  c ros sove r  p o i n t  
between p h o t o e l e c t r i c  abso rp t ion  and t h e  Compton e f f e c t  l ies 
above 6 K e V  f o r  a l l  other  m a t e r i a l s .  Even us ing  a hydrogen 
po la r ime te r  only t h e  reg ion  between 3 t o  6 KeV could be s t u d i e d .  
The x-rays a r r i v i n g  i n  t h e  f o c a l  p l ane  of t h e  t e l e s c o p e  a r r i v e  
a t  ang le s  up t o  3 O  from t h e  a x i s .  T h i s  i s  n o t  s u f f i c i e n t  t o  
r e q u i r e  any mod i f i ca t ion  of the  po la r ime te r .  

The advantages i n  us ing  a t e l e s c o p e  are: 

1. 

2 .  

3 .  

discrete sources  may be s t u d i e d  w i t h  h igh 
angu la r  r e s o l u t i o n ;  

background may be measured by p l a c i n g  an 
a p e r t u r e  s t o p  over t h e  sma l l  i n l e t  h o l e  t o  
t h e  po la r ime te r .  
modify t h e  d i s t r i b u t i o n  of mat ter  ( t e l e s c o p e  
and accessories) t h a t  produces t h e  x-ray 
background; 

This would n o t  s u b s t a n t i a l l y  

a smaller  po la r ime te r  may be used f o r  t h e  
same count  ra te  obtained f r o m  a coll imated 
system. 
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The obse rva t ion  t i m e s  f o r  t y p i c a l  sou rces  can be com-  
pared between a coll imated po la r ime te r  u s ing  a s o l i d  l i t h i u m  
hydr ide  scat ter  and a l i q u i d  hydrogen scat terer  used i n  conjunc- 
t i o n  w i t h  a g raz ing  inc idence  t e l e s c o p e .  The Crab Nebula has  
~5 photons/cm2 sec between 3 and 6 K e V  and %lo photons/cm2 sec 
g r e a t e r  than  11 K e V .  Other sou rces  such as Sco XR-1 have 

2 % l o 2  photons/cm2 sec between 3 and 6 K e V  wi th  %l photon/cm 
g r e a t e r  t han  11 K e V .  

sec 
( 5 )  

2 A 1 0  cm col l imated  so l id  po la r ime te r  w i th  an i n t r i n -  
s i c  e f f i c i e n c y  of 3% would r e q u i r e  about  1 0  hours  t o  determine 
t h e  e x t e n t  of p o l a r i z a t i o n  of t h e  Crab Nebula t o  w i t h i n  1%. 
M o s t  o t h e r  sou rces  would r e q u i r e  longe r  viewing t i m e s .  

The 25-inch t e l e scope  proposed f o r  an advanced s t e l l a r  
ATM miss ion  has  a c o l l e c t i n g  a r e a  of ~ 2 0 0  cm2 and a t h e o r e t i c a l  
r e f l e c t i n g  e f f i c i e n c y  of 50% between 3 and 6 KeV. A l i q u i d  
hydrogen po la r ime te r  w i t h  only 5 c m 2  area could r e c e i v e  ~ 6 x 1 0  
photons/sec from Sco XR-1 and determine t h e  e x t e n t  of p o l a r i z a -  
t i o n  t o  w i t h i n  1% i n  several minutes of viewing t i m e .  The Crab 
Nebula would r e q u i r e  several hours  because of t h e  weaker i n t e n -  
s i t y  o f  t h i s  sou rce  i n  t h i s  energy range.  

4 

It  appears  t h a t  sources  which have s p e c t r a  such t h a t  
much of t h e  x - r a d i a t i o n  is  concent ra ted  below 1 0  K e V  may be 
s t u d i e d  f o r  p o l a r i z a t i o n  by t e l e s c o p e  techniques .  Y e t  con- 
siderable p o l a r i z a t i o n  informat ion  may be obta ined  above 
1 0  K e V  by t h e  use  of s m a l l ,  co l l ima ted  po la r ime te r s  which do 
n o t  have t h e  c ryogenic  requirements associated w i t h  t h e  l i q u i d  
hydrogen systems. 

V I .  RECOMMENDATIONS 

For c e r t a i n  x-ray sources ,  x-ray po la r ime t ry  may 
p rov ide  informat ion  on t h e  mechanism of x-ray emission which 
cannot  be obta ined  unambiguously i n  any o t h e r  way. I t  i s  un- 
l i k e l y  t h a t  s u f f i c i e n t  counts may be obta ined  e i t h e r  from a 
b a l l o o n  o r  r o c k e t  f l i g h t  t o  c l e a r l y  a s c e r t a i n  t h e  e x t e n t  of 
p o l a r i z a t i o n  of an x-ray source us ing  a co l l ima ted  po la r ime te r .  
The re fo re  x-ray po la r ime te r s  u s ing  s o l i d  scatterers (probably 
Li thium Hydride) should be flown on unmanned satell i tes where 
o ld  novae such as t h e  C r a b  Nebula may be s t u d i e d  f o r  con- 
s i d e r a b l e  l e n g t h s  of t i m e .  Such sources  are l i k e l y  t o  have 
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x-rays produced by synchrotron radiation. A considerable 
fraction of their x-radiation will lie above 10 KeV and it 
may be polarized to an observable extent. 

If such experiments are successful, then x-ray 
polarimeters may be useful in grazing incidence telescope 
operations where man will play a role in maintaining and 
repairing such systems. The polarization data obtained from 
an unmanned flight would provide much useful information for 
the planning of such an experiment for a manned flight. 

1015-FFT-caw i .  F. Tomblin 
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Figures 1-3  
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D I R E C T I O N  OF INCIDENT 
PHOTON ELECTRIC VECTOR 

\ t 
PROBABI L l T Y  
THAT PHOTON 
WILL BE 
SCATTER ED w WITH ELECTR I C 
VECTOR AT e . 

F I GURE I - PROBAB I L I TY D I STR I BUT1 ON OF ELECTR I C  VECTORS COMPTON 
SCATTERED AT 90' TO THE I N C I D E N T  PHOTON DIRECTION.  
T H I S  I S  A REPRESENTATION OF THE D I F F E R E N T I A L  CROSS 

I N C I D E N T  PHOTON DIRECTION I S  PERPENDICULAR TO THE 
PLANE OF THE PAPER; THE PHOTON I S  SCATTERED INTO THE 
PLANE OF THE PAPER, PERPENDICULAR TO I T S  ELECTRIC 
VECTOR. 

SECTION WITH ANGULAR DEPENDENCE a  COS^ 6 . THE 
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F I G U R E  2 - THE MEAN FREE PATHES FOR COMPTON SCATTERING 
AND PHOTOELECTR I C ABSORPT I ON FOR VAR I OUS 
SOL I DS CONS I DERED FOR THE COMPTON POLAR I METER. 
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CROSS SECTIONAL VIEW 

u - - COLL I MATORS - - - - 
- ANTI CO I NCEDENCE 

DECTOR 

* COMPTON 
SCATTER E R 

ANT I co I NC I DENCE 
DETECTO R 

END VIEW 

DETECTO R 
RING 

FIGURE 3 - CONFIGURATION OF X-RAY POLARIMETER. THE 
ANTI-COINCIDENCE DETECTOR WOULD SURROUND 
THE ENTIRE EXPERIMENT TO E L I M I N A T E  MOST 
COSM I C RAY EFFECTS. DETECTORS WITH S I M I LAR 
NUMBERS (END VIEW) WILL BE CONNECTED I N  
PARALLEL TO THE SAME MEMORY BANK S INCE THE 
COUNTS I N D I AMETR I CALLY OPPOSED DETECTORS 
SHOULD BE I DENTI CAL. 
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